SCORES (SpaceCraft Object-oriented Rocket Engine Simulation) is an analysis tool being developed for conceptual-level spacecraft and launch vehicle design. Written in C++, SCORES provides rocket thrust and Isp for propulsion system trade studies.
NOMENCLATURE

INTRODUCTION
SCORES (SpaceCraft Object-oriented Rocket Engine Simulation) is an analysis tool being developed for conceptual-level spacecraft and launch vehicle design to provide rocket thrust and Isp. SCORES, written entirely in C++, takes advantage of the language's object-oriented features to provide a code which is easily adapted to the user's needs. CGI (Common Gateway Interface) scripts, written in Perl, provide the wrapping agents needed to interface the C++ executable with HTML (HyperText Mark-up Language) web pages.
The motivation for developing this tool is to provide the conceptual-level spacecraft and launch vehicle designer with a tool capable of providing "quick-look" answers to propulsion system trade studies.
Of importance in performing these trade studies is maintaining the appropriate level of fidelity.
Therefore, the design parameters used in SCORES are top-level propulsion parameters that affect the overall vehicle design (mixture ratio, chamber pressure, throat area, and expansion ratio). This feature allows the designer to use SCORES effectively in an MDO (Multidisciplinary Design Optimization) environment.
MDO brings together several disciplines and seeks optimal solutions to design problems with respect to the given design objective criteria.
This paper describes the current status in the development of SCORES, compares results against accepted codes, and discusses areas for future work.
ANALYSIS PROCESS
SCORES determines rocket engine performance given nozzle expansion ratio (ε), throat area (A t ), chamber pressure (P c ), and mixture ratio (O/F).
Engine performance prediction includes rocket thrust and Isp through chemical equilibrium, isentropic expansion, and statistical calculations.
First, equilibrium calculations provide the combustion product thermodynamic properties. Once the ratio of specific heats (γ), temperature (T), and molecular weight (MW) of the exhaust gasses are known, subroutines determine ideal nozzle performance in terms of thrust coefficient (Cf), characteristic exhaust velocity (c*), and mass flow rate (ṁ ). These subroutines utilize expressions for frozen onedimensional, isentropic expansion. Anderson 1 defines frozen flow as a flow where the reaction rates are precisely zero. The consequence of this assumption is to maintain a chemical composition constant, or frozen. This is the opposite of equilibrium flow, which implies infinitely fast reactions. Finally, a statistical sampling process corrects for variations in performance due to real processes and provides indications of thrust and Isp uncertainty.
Chemical Equilibrium:
Chemical equilibrium calculations provide exhaust gas thermodynamic properties. The method of element potentials, described by Reynolds 2 , determines the mole fractions of the desired product species given O/F ratio and P c . The observation that, at equilibrium, each atom of each element contributes exactly the same amount to the Gibbs free energy of each species, forms the basis for the method of element potentials. That amount of energy, the element potential, can be shown to be the eigenvalues, λ k , of the following expression:
In the above expression, the index's j and k refer to the molecular species and atomic element respectively, where A is the number of elements. This expression, derived assuming a mixture of perfect gasses, allows the determination of any number of species mole fractions by solving for the unknown potentials , is an interval reduction procedure with a known convergence rate. At each λ O , another golden section search is performed on λ H to minimize the error between the actual and required, as defined by the O/F ratio, mole ratio. The mole fractions are used to determine the mixture MW and γ.
A secant method iteration, performed on temperature, minimizes the difference between the reactant and product enthalpies. This temperature defines the adiabatic flame temperature, which is assumed to be identical to the combustion temperature. Thermodynamic Properties:
Curve-fit approximations to the Joint Army Navy Air Force (JANAF) thermochemical tables provide the thermodynamic data needed in the combustion calculations described above.
Because SCORES is written in an object-oriented language, the code can be written in self-contained units called classes. These classes can use the property of inheritance to access the data and functions contained within another class. The thermodynamic property class within SCORES makes use of this principle. A single base class contains the equations for the C p , h, and s curve-fits while derived classes contain the specific values for the 22 coefficients for each of the individual species. The species classes also contain molecular weight and reference enthalpy. This object-oriented structure allows for the easy incorporation of additional species.
For simplicity, as well as to ensure smoothness everywhere, it was desirable to write one expression for the properties from 0 to 6000 K. The following equations provide the forms of the interpolating functions used: 
Engine Performance:
Nozzle performance calculations utilize adiabatic flow relationships for a calorically perfect gas. A secant method iteration scheme determines the Mach number at the nozzle exit. Once exit flow conditions are known, the following ideal rocket equations generate classical engine performance parameters:
In addition, SCORES provides two flags to indicate the status of the flow through the nozzle. These flags indicate choked flow at the throat and the presence of a normal shock in the nozzle.
Uncertainty:
The solution procedure described thus far relies on several assumptions. These assumptions include infinitely fast chemical reactions in the combustor (equilibrium flow), perfect mixing of reactants, mixtures of perfect gasses, adiabatic flow, and infinitely slow reactions (frozen flow) throughout the nozzle. These assumptions result in idealized predictions, which do not account for real losses, and that may differ from the real processes by 10% or more.
A statistical approach to analyzing these errors provides not only improved estimation, but also a quantifiable uncertainty in the 
If the multipliers, β thr and β Isp , are normal distributions with known means and variances, then Thrust act and Isp act will also be normal distributions with predictable means and variances. Statistically, multiplying a normal distribution by a scalar results in a mean that is multiplied by that scalar and a variance that is multiplied by the square of the scalar. Working with distributions, rather than single values, allow the reporting of confidence intervals for both thrust and Isp in addition to their respective mean values. A 90% confidence interval will contain the true mean 90% of the time.
A calibration procedure determines the multipliers by comparing nominal results with known values for a sample of existing engines and then determining the statistical sample mean and variance.
The reader is cautioned that determining the multipliers in this fashion limits their applicability to engines similar to the sample engines used in the calibration. Larger sample sizes, of course, lead to improved results.
Web Interface:
SCORES is equipped with a web interface. CGI scripts, written in Perl, accept input from HTML forms. This input is inserted into the appropriate input files and then piped through the executable application. The output generated by the executable is then parsed for the desired information, which is displayed in HTML format on a new web page. 
Figure 2 SCORES Equilibrium
The current SCORES interface uses frames to organize the individual web pages. Buttons are available to access either the engine performance or equilibrium calculation portions of the system. The SCORES web site is public and can be accessed from the World Wide Web at the URL address listed below: http://atlas.cad.gatech.edu/~dwway/scores.html.
Providing a web interface for the program has several advantages.
First, distribution is greatly simplified and portability is not a concern. It does not need to be recompiled on another machine that may have a different C++ compiler. Also, version control is automatic.
With a continually evolving program, as new versions are created they are automatically updated for all users. Finally, Providing a web based interface literally opens-up the system to be used by anyone. Anyone with a web browser may access the code.
No programming is required and the intuitive nature of the input and output allow immediate use. In this manner, the web interface allows for multiplatform, graphically distributed users. Figure 2 shows a screen capture of the web interface provided for SCORES chemical equilibrium calculations.
RESULTS
The following section presents the results of a comparison used to validate SCORES solutions against accepted chemical equilibrium codes and historical data. This section first compares equilibrium predictions with those of accepted equilibrium codes STANJAN 2 and CEA 5 (Chemical Equilibrium Analysis).
Second, performance predictions, thrust and Isp, are compared with actual engine data from the Chemical Propulsion Information Agency (CPIA) 6 .
Equilibrium Comparisons:
First, a comparison was made to validate the equilibrium calculations. A full factorial array of five mixture ratios (O/F: 4.0 to 8.0) and five chamber pressures (P c : 1000 to 3000 psia) produced 25 cases for comparison of equilibrium results. SCORES, STANJAN, and CEA were used to analyze each of the 25 cases. Mole fractions, temperature, and γ were recorded. In each case, the initial temperature of the reactants was 300 K. Table 2 lists the mole fractions predicted by each code for one case (O/F=6.0 and Pc=1000 psia). This case was chosen to be representative of all the results. Similar results were found in all of the cases. Figure 3 shows graphically the similarity in the predictions of mole fractions for the major product species, H 2 O and H 2.
Figure 3 Major Species Mole Fraction
All three codes agreed to within 0.5% of mole fraction in all cases. SCORES agreed exceptionally well with STANJAN, predicting similar mole fractions within 0.15% in all cases. This close agreement with STANJAN is not surprising when considering that both programs utilize the same method of element potentials. Figure 4 above shows the correlation in the minor species: O2, H, O, and OH. Table 3 below records the results for temperature and γ for the representative case (O/F=6.0 and Pc=1000 psia). Figure 5 shows the comparison of adiabatic flame temperature. This plot shows Temperature as a function of mixture ratio for P c = 1000 psia. The trends were similar for all other pressures. As with the mole fractions, temperature agreed exceptionally well, within 0.5% in all cases. Figure 6 shows the ratio of specific heat comparison. This plot shows γ as a function of mixture ratio for P c = 1000 psia. The trends were similar for all other pressures. Figure 6 reveals a consistent overprediction by SCORES. This error ranges from 3.5% to 5.5%. The error is believed to be due to the method in which SCORES predicts γ from the equation of state. Efforts are currently underway to improve the method for determining γ by first determining the speed of sound in the equilibrium gas mixture.
Figure 4 Minor Species Mole Fraction
Figure 5 Adiabatic Flame Temperature
Engine Comparisons:
SCORES performance predictions were also compared to historical data from nine existing engines. In each case, SCORES was run at vacuum conditions using the engine data provided. The results for thrust and specific impulse were then compared with the advertised values for engine vacuum thrust and Isp. The ratio of the actual values to the predicted values determined the multipliers, β. These multipliers were compared and a sample mean and variance were calculated. The CPIA/M5 Liquid Propellant Engine Manual 6 provided the engine data listed in Table  4 above. Nine Lox/Lh2 rocket engines were selected for comparison: 200K J-2, M-1, RL10A-3-3, 225K J-2, 230K J-2, J-2S, SSME, RL10A-3-3A, and RL10A-4. Figure 7 shows the uncorrected thrust comparison. The sample mean of the thrust multipliers was determined to be 0.9746. The maximum uncorrected error is 10.4%. Using the above mean value to calibrate the thrust 
Figure 7 Thrust Comparison
Engine
Multiplier calculations reduces this error to 8.5%. Figure 8 shows the comparison of Isp. The sample mean of the Isp multipliers was determined to be 0.9342. The maximum uncorrected error is 10.5%. Using the above mean value to calibrate the Isp calculations reduces this error to 3.3%. CONCLUSIONS 1. SCORES accurately predicts equilibrium mole fractions and adiabatic flame temperature over a wide range of operating conditions. SCORES agreed within 0.5% with both STANJAN and CEA. Mole fraction and temperature are important parameters in accurately predicting exhaust gas behavior. The thermodynamic behavior is, in turn, very important in modeling the effects of changes in engine parameters which affect combustion (mixture ratio and chamber pressure).
Figure 8 Isp Comparison
SCORES does not accurately predict specific
heat ratio. 3.5% to 5.5% error in γ is unacceptable. Adiabatic flow relations are very sensitive to this parameter. Additional work is needed to improve this prediction. This work will center around methods to calculate the speed of sound in an equilibrium mixture of gasses. Engine performance calculations are expected to improve with improved γ predictions.
Errors in SCORES engine performance
(thrust and Isp) calculations are within acceptable tolerances for use in conceptuallevel design. Uncorrected, the thrust and Isp were found to be within 10% of the published values for nine rocket engines. More importantly for conceptual design and optimization, performance trends are properly predicted. Statistically correcting the calculations improved the errors to within 8.5% for thrust and 3.3% for Isp.
4. Statistical calibration of the performance predictions reduces the errors associated with real vs. idealized processes by 2 to 7%. This method additionally provides the engineer with additional information about the uncertainty of the calculations. This uncertainty information is provided in the form of confidence intervals. 
